• Energy self-sufficiency/energy recovery with thermophilic DScAD of FW was evaluated.
Introduction
Organic waste has increasingly been regarded as an abundant biomass energy resource and its availability is not closely linked to fluctuations in economic conditions and politics worldwide [1] and [2] . Organic waste has great potential in generating significant amount of renewable energy [3] and thus contributing to solving the world's energy problems [1] , [2] and [4] . Of the various types of organic wastes, food waste (FW), known for its high organic content, is a major portion (25-52.6%) of municipal solid wastes [5] , [6] , [7] and [8] . In South Korea, the amount of FW generated every day increased from 11,398 tons per day in 2003 to 13,697 tons per day in 2014, corresponding to an increase from 22.5 to 29.1% of the municipal solid waste stream [9] .
In recent years, as a result of the new economic policies dealing with the issues of energy, environment, and emissions, the South Korean government has invested a great deal of effort and funds in developing technologies for the conversion of waste to energy [10] . The government's target for 2050 is to have 20% of the country's energy demand generated by renewable resources [11] . Conventional approaches including ocean dumping, sanitary landfills, incineration, recycling, and composting for the treatment of food waste for sustainable waste management and/or potential energy recovery have been tried and wellstudied. However, these methods are no longer attractive because of the environmental concerns, their higher cost, and government regulations [12] , [13] and [14] . Dry anaerobic digestion (AD) technology, on the other hand, is one of the most commonly used organic waste treatment methods due to its economic viability, stability, potential by-products such as fertilizers, and energy recovery advantages. The dry AD technology has the ability of treating high amounts of and a wide range of solid waste (up to 40%) and achieves high organic matter reduction and biogas production rates [10] , [15] , [16] , [17] , [18] and [19] .
While previous studies on dry anaerobic digestion processes conducted mainly in Europe and the US are informative [20] and [21] , many issues regarding the influence of local environmental conditions on the process [15] , operating conditions, food waste characteristics [2] , organic loading rates, solids retention time, and inhibition problems [16] remain to be clarified [21] and [22] . In particular, there is little information on the dry AD of FW [21] . The energy balance aspect of the process [23] , the use of a modified Gompertz model to evaluate the system performance, and the interaction between the operating parameters have also received little or no attention. Consequently, the commercialscale use of this process, as needed to produce renewable energy from the organic fraction of FW in South Korea, has not yet been developed or extensively investigated [16] .
In this study, the performance of the bench-scale, dry thermophilic semi-continuous anaerobic digestion (DScAD) of food waste was thoroughly evaluated under different operational conditions of organic loading rates (OLRs), hydraulic retention times (HRTs), and solid concentrations. The potential for biogas and methane production from a FW treatment system via dry thermophilic AD under varying operating conditions was also evaluated and experimental results were verified by a modified Gompertz model. In addition, energy requirements, energy recovery, and the cost of the dry thermophilic AD system were calculated for various test conditions.
Materials and methods

Substrate and seed organisms
Under this initiative, approximately 60-65 kg of FW was collected from the student restaurants in Kyonggi University, from 3 to 5 pm. The collected FW was crushed into pieces with a diameter of less than 2 mm and used as substrate for the feasibility study. The inoculum was collected from the dry FW digestion plant in Pusan City, South Korea. The characteristics of the FW and inoculum are shown in Table 1 . Fig. 1 shows the outline of the dry semi-continuous anaerobic digester system used in this study. The digester was continuously mixed at 30 rpm to ensure the homogeneity of the microbial communities, substrate particles, nutrients, and temperature for the growth of anaerobic microorganisms. The digester was equipped with a hot water jacket system, which was thermostatically controlled by the recirculating pump. In addition, all of the digester's features, including the heat transfer device, recirculating pump, agitator, pH and temperature sensors, and thermometer were automatically monitored and controlled by a programmable logic controller. There was also a manual operating mode. To evaluate the digester's stability and performance the system was degassed [24] for eight days and no food waste was injected into the digester during this time. Then experiments were conducted to investigate four operational conditions with different organic loading rates (OLRs). The digester was fed raw food waste at different rates to achieve OLRs of 2.3 ± 0. The dry anaerobic digester was operated at 38 °C during Phase 1 and 2, and then during Phase 3, the temperature was gradually increased from 38 °C to 55 °C (thermophilic conditions) at the rate of 1 °C every 2 days.
Experimental setup and procedure
Analytical methods
Sampling and analysis
To evaluate the effects of an increase in OLR on digester performance, samples of the influent and effluent digestion sludge, as well as the biogas and methane content, were collected and analyzed daily during the study period.
Operational parameters, including concentrations of total solids (TS), volatile solids (VS), total nitrogen (TN), ammonium nitrogen (NH 4 -N), total phosphorus (TP), total chemical oxygen demand (TCOD), alkalinity (Alk.) and pH were determined according to Standard
Methods [25] . The volume of biogas produced in the reactor was measured using a wet gas meter (W-NK-0.5, Shinagawa Corporation, Japan) and a Tedlar® bag for gas sampling. The analysis of the gas composition (methane (CH 4 ), carbon dioxide (CO 2 ), ammonia gas (NH 3 -gas), and hydrogen sulfide (H 2 S-gas)) was carried out using a biogas analyzer (GSR-3100, Sensoronic Co., Ltd., South Korea). Volatile fatty acids (VFA) were analyzed by gas chromatography (GC) (Agilent 7890A, Agilent Technologies, Inc., USA), equipped with a flame ionization detector and SGE BP21 capillary wax column (25 m Length × 0.53 mm ID × 0.5 μm df, Agilent technologies, Inc., USA) and with nitrogen as a carrier gas. Approximately 2 μL of each sample was injected into GC. The initial temperature of the GC column was 60 °C, which was increased at the rate of 5 °C/min to 120 °C. Once the temperature reached 120 °C, it was once again increased at the rate of 10 °C/min to a final temperature of 230 °C. The injector temperature was set at 200 °C, while that of the flame ionization detector was set at 230 °C.
Modified Gompertz model analysis
The modified Gompertz equation (Eq. (1)) [26] , [27] , [28] and [29] was used to analyze and describe the biogas and biomethane production during each phase:
In Eq.
(1), M (t) is the cumulative biogas or methane production (L) at a given time t (days); Rm is the maximum specific methane production rate (L/kg-VS added day); P is the biogas or methane production potential (L/kg-VS added ); and λ is the lag phase time (days).
Data analysis
The statistical significance of the Modified Gompertz model was evaluated by Fisher's statistical test in the analysis of variance (ANOVA), using Origin 8.1 (OriginLab Corporation, USA) and Microsoft Excel 2010, with an Excel add-in program.
Results and discussion
Dry digester performance and evaluation
Biogas production and volatile solids reduction
The impact of an increase in OLR achieved by feeding different raw food waste ratios, on the performance of the dry AD process during operation were evaluated and optimized.
Overall, the results show that during the course of operations the pH value in the dry anaerobic digester varied from 6.6 to 8.1, which was favorable for the active metabolic processes and the synthesis of new biomass, despite increasing OLR. Methane gas was detected in the first days of each phase, proving that the digester had started up well, with the anaerobic microbial populations rapidly adapting to the new environmental conditions. The average daily production of biogas/methane by a digester, and its ability to biodegrade organic matter increased proportionally with increasing OLR. However, the daily production of biogas/methane and the VS reduction by the digester often experienced a period of instability following each increase in the OLR. Following the initial period of instability, the digester tended to self-regulate in a stable condition (Fig. 2a) . The results showed that the start-up periods needed for the digester to reach a stable level of activity were different, depending on the operating load of organic matter. It is worth noting that the time needed to achieve the stable methane production was longer than the time needed to achieve the stable VS reduction. Fig. 2 . Variation of the VS reduction, biogas yield, and production rate under different organic loading rates.
During the stable periods (steady-state conditions), the specific biogas, methane yield, and VS removal efficiency in Phase 1 were in the range of 0.14-0. Based on the information above, we conclude that the design and available operation options of the thermophilic dry anaerobic digester are well-suited to the enhanced biological organic matter removal along with increased renewable energy production at high OLR. This leads to the use of less space, less capital investment, a simpler installation process, and cheaper operating and maintenance costs.
Intermediate products and its effects
Volatile fatty acids (VFAs) are intermediate products of the anaerobic digestion process of organic compounds to methane [32] , [33] and [34] . Their accumulation is one of the parameters that have a significant effect on overall digester performance [32] , [35] , [36] , [37] and [38] . However, during this study we did not observe any noticeable signs of impact on the operation of the DScAD process or the biogas production, even when the total VFA concentration reached a peak of 7.101 g/L at the OLR of 8.62 kg-VS/m 3 day (HRT 25 days). This robust performance indicates that the system was operating properly.
The effect of OLRs on the VFA product concentration at different phases is shown in Fig. 3 . The results show similar tendencies to those of the biogas production and the VS reduction and the VFA generation tends to increase gradually with increasing OLR. Additionally, acetic acid and propionic acid accounted for the majority of VFAs, 36.6%-69.9% (average 52.39% ± 9.39%) and 19.7%-55.6% (average 33.85 ± 9.84), respectively. These parameters are reliable indicators for evaluating and identifying the effectiveness of the digester during biogas production [32] , [36] and [39] . Fig. 3demonstrates the relative prevalence of different VFA fractions for all phases by the following order: acetic acid > propionic acid > butyric acid > other acids (other VFAs). As the OLR increased, the average total concentration of VFAs during steady-state conditions of Phase 1, 2, 3, and 4 were 148 mg/L, 284 mg/L, 2185 mg/L, and 6288 mg/L, respectively (Fig. 3) . Fig. 3 . Variation in the composition of VFA during operation at different organic loading rates.
Phase 4 was conducted to evaluate and optimize the dry digester performance under thermophilic conditions. The results showed that total VFA concentrations increased gradually to a maximum value of 7101 mg-VFAs/L (containing 42.97% acetic acid, 32.5% propionic acid, and 10.58% butyric acid), and then fell to the stable value of approximately 6288 mg-VFAs/L (containing 55.87% acetic acid, 24.44% propionic acid, and 15.08% butyric acid). Interestingly, during Phase 4, the period of time from the start of the phase to the time the total VFA concentration reached peak value was also the time during which the digester shifted to a steady state of biogas production (Figs. 2a and 3 ).
Over the course of Phase 4, acetic acid concentration was always higher than propionic acid concentration. During steady state, the acetic acid to propionic acid ratio was approximately 2.27; the concentrations of acetic acid, propionic acid, and butyric acid were 3494 mg/L, 1536 mg/L, and 946 mg/L, respectively. This ratio is regarded as a valid parameter to assess the digester's balance and stability [36] and [40] .
The variations of hydrogen sulfide (H 2 S-gas) and ammonia (NH 3 -gas) formation seen in the thermophilic dry anaerobic digester during operation under different organic loading rates are shown in Fig. 4 . H 2 S-gas and NH 3 -gas, commonly generated during the anaerobic digestion of sludge, are inhibitory substances and can discourage microorganisms' activity in anaerobic digesters [41] and [42] . H 2 S-gas and NH 3 -gas products are formed from the bacterial hydrolysis of organic compounds [43] and [44] ; both can hinder metabolic processes in microorganisms [41] and [45] . According to [44] , 25-90% of methanogenic activity inhibition occurs when concentrations of 150 mg-H 2 S/L are present in an anaerobic digester. It has been reported that an ammonium concentration in the range of 1.5-3 g NH 4 -N/L, and a pH greater than 7.4 in the digester may be detrimental to the AD process; in particular, an ammonium concentration over 3 g NH 4 -N/L is considered toxic to methanogenic bacteria irrespective of pH values [46] . Other studies [47] concluded that during the AD process, a complete inhibition occurred when ammonium concentrations were in the 8-13 g NH 4 -N/L range, depending on the level of acclimatization and the level of pH in the system. TN and NH 4 -N concentrations in the samples from the thermophilic dry anaerobic digester in this study were found to be relatively high, gradually increasing from 4500 to 6300 mg TN/L, and from 1800 to 3700 mg NH 4 -N/L, respectively (Table 2) . However, the inhibition of the microorganism populations or negative impacts on biogas and methane production were not observed. The varying degree of inhibition documented in previous studies could be explained by differences in feeding substrates, inoculums, conditions, acclimation periods, and other minor factors [42] .
This result reaffirms that the frequently seen inhibitory effects of TN, NH 4 -N, NH 3 -gas, and H 2 S-gas on the performance of dry anaerobic digestion (under the conditions of increasing OLR and decreasing HRT) were not observed (with no intervention of any substrates or chemicals). This could be attributed to the combination of an adequate food waste fraction and a well-adapted anaerobic microorganism population that is resilient against the effects of toxic compounds or high loadings.
Model simulation of full-scale plant operation under different OLRs
Mathematical models are a powerful tool for predicting the system performance by describing the behavior of anaerobic microbes, the interactions of operating parameters, and the improvement of technical processes [48] . The values of cumulative biogas and methane production were measured and recorded each day during the operation of the dry anaerobic digester (Fig. 2c, symbol shapes) . Subsequently, they were compared with the simulated data (Fig. 2c, solid lines) using the modified Gompertz equation (Eq. (1)).
The results obtained from the regression analysis of the modified Gompertz model (Table 3) showed a good fit to the experimental data at all phases by a statistically significant predictive model. It is evident that there was a very small difference between measured and predicted results (Fig. 2c) that yielded a small probability (p) value, p < 0.001, and a high coefficient of determination value, R 2 > 0.986 (Table 3) . Based on the results of the regression analysis using the Gompertz model, the variation of specific gas production potential (P), the maximum gas production rate (Rm), and the minimum time taken to produce biogas (λ, lag phase time) versus OLRs are illustrated in Fig.  5 . Fig. 5 . Linear plots of specific biogas and methane production potentials (P), the maximum biogas/methane production rates (Rm), and the duration of lag phase (λ) at different OLRs.
Simulation results shown in Fig. 5 indicate the variations of P, Rm, and λ under different OLRs and are completely consistent with the experimental data, reflecting that the P, Rm, and λ increased proportionally with increasing OLR. When the system was operated with an OLR of 2.0-7.5 kg-VS/m 3 day, the bacterial acclimatization to the new environment occurred quite rapidly, within 3-5 days. In contrast, when the OLR was greater than 8.4 kg-VS/m 3 day, the bacteria's acclimatization to the new environment occurred more slowly, over 20 days.
These results suggest that the dry digester should be operated in the OLR range of 7.5-8.4 kg-VS/m 3 day.
Additionally, the results of the kinetic parameters obtained from the regression analysis can be used to predict the biogas or methane production potential, the maximum specific biogas or methane production rate, and the minimum time needed for anaerobic microorganisms to acclimatize to the environment, under the specific operating conditions of OLR. The ability to predict these factors has significant practical applications to the real-world food waste treatment methods that use thermophilic dry anaerobic digesters. These findings demonstrate that, by increasing the OLR, digesters already in use can treat more FW and increase the energy production without expanding their reactors.
Energy balance and cost estimates
The experimental and modeling results discussed above indicate that the thermophilic DScAD of food waste is technologically feasible and can considerably enhance the biomethane production and sludge reduction. This technology choice is practical from the perspective of technical capability, economics, and the energy recovery potential. This study confirmed that there is a balance between the energy consumption and the energy recovery potential, in order to maximize the self-sufficiency and minimize the energy requirements.
The energy consumption by the thermophilic DScAD system, E EC (kW h/day), was the total energy of all devices used in the system (pumping, mixing, and heating) (Eq. (2)).
where E Mixing (kW h/day), E Pumping (kW h/day), and E Heating (kW h/day) denote the energy used for mixing, pumping, and heating, respectively.
The total additional energy supply, E ES (kW h/day), to the DScAD system is given in Eq. (3),
where E Biogas (kW h/day) is the energy potential of the biogas produced.
The specific energy supply, E sp (kW h/ton of food waste), which represents the ratio of the total energy consumed to the total food waste processed in a day, is shown in Eq. (4).
Estimated energy consumption, energy recovery, and cost analysis associated with the thermophilic DScAD performance is shown in Fig. 6 (more details are provided in Table S1 ).
The results of the regression analysis yielded a very good fit to first-order linear relationships between the energy recovery ( Fig. 6a) , total additional energy supply (Fig. 6b ), specific energy supply (Fig. 6c) , and specific treatment cost of FW ( Fig. 6d) with OLRs, with reasonably high values of coefficients of determination (R 2 ). The functions of the curve fitting graphically illustrated in Fig. 6 can correctly predict and optimize the recovered energy via methane production, specific energy input, and the average power consumption cost to treat 1 ton of food waste of dry anaerobic digester, as a function of the OLR applied. Fig. 6 . Energy consumption, recovery potential from biogas, and cost estimation at different OLRs with standard deviation.
It was also observed that the energy recovery increased proportionally with increasing OLR, whereas the total additional energy supply, specific energy supply, and specific treatment cost of FW decreased with increased OLR.
Energy balance analyses indicated that, depending on the environmental temperature, the daily electrical energy required to operate the thermophilic dry digester varied from 0.423 to 0.567 kW h. The thermal energy required to heat the sludge to thermophilic conditions accounted for approximately 60-71% of the total energy consumption.
Furthermore, depending on the operating load of organic matter, which increased from 2.16 to 8.62 kg-VS/m 3 , 4.3-75% of total energy requirement to operate the DScAD system was recovered via renewable energy production (assuming the conversion factor of 1 m 3 methane was equivalent to 10 kW h). It means that the additional energy supply needed to operate the DScAD process varied from 0.473 to 0.12 kW h/day and the specific energy consumption per ton of FW treated varied from 309.31 to 4727.26 kW h/ton. Consequently, the maximum recoverable electrical energy from a 1 m 3 effective dry digester was 15,330 kW h/year (average 13,505 kW h/year, equivalent to 1.161 tons of oil/year) at the operating conditions with an OLR of 8.62 kg-VS/m 3 day and HRT of 25 days. It was about 11.6 times higher than the one reported by [49] in a full-scale anaerobic digestion plant for fruit and vegetable waste. The results revealed a good potential for thermophilic dry AD applications in FW treatment, for renewable energy recovery, and energy self-sufficiency.
An economic analysis indicated that the average treatment cost for the thermophilic DScAD system varied from 18.25 to 278.91 US $/ton of food waste treated (assuming the current price for the electric supply was 0.059 USD per 1 kW h). Meanwhile, other studies reported 310 US $/ton of sludge for landfill hauling and disposal contract cost [50] , 176 US $/ton of sludge treated [51] , 100-300 US $/ton of sludge for an AFC SM system, and 200-500 US$/ton sludge for conventional technologies [52] . In the light of these results, a thermophilic dry AD system should be operated at a high loading in order to enhance simultaneous renewable energy production and treatment efficiency. Doing so will allow the system to reduce digestion time, required digester volume, and environmental impacts, and minimize the additional energy supply needed to operate the equipment.
Conclusions
An integrated thermophilic DScAD system has been modeled and comprehensively evaluated by considering technical operations and economic costs. We conclude that utilizing this technology for solids reduction and biomethane production could be an appropriate alternative energy solution in South Korea for the effective treatment of and high renewable energy recovery from food waste. The experimental results for biogas and methane production agreed well with the regression analysis of the modified Gompertz model. The OLR has a significant effect on the thermophilic dry AD system performance. For approximately fourfold increase in OLRs (from 2.3 ± 0.22 to 9.21 ± 0.89 kg-VS/m 3 day), the average VS reduction rate increased 1.8-fold (from 48.77 ± 1.27 to 81.19 ± 2.68%), the average biomethane generation rate increased 3.8-fold (from 43.33 ± 8.16 to 162.14 ± 4.58 m 3 biogas/ton), adaptation time increased 16-fold (from 2 ± 1 days to 31 ± 4 days), and the average renewable energy recovery increased 5.4-fold (from 672 ± 150.23 to 3611.57 ± 165.22 MJ/ton FW). These results suggest that the long-sought goal of a suitable solution for treating FW in South Korea has finally been achieved.
